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to relocate the maximum warming center from the central 
Pacific to the eastern basin for the EP El Niño.
Keywords El Niño · SST anomaly · Air–sea coupled 
thermodynamic process · Water–vapor feedback
1 Introduction
El Niño-Southern Oscillation (ENSO) is the leading mode 
of tropical air–sea interaction that influences weather and 
climate worldwide on a variety of time scales. According 
to the locations of warmest sea surface temperature (SST) 
anomalies, El Niño can be roughly divided into two types: 
eastern Pacific (EP) El Niño and central Pacific (CP) El 
Niño (Yu and Kao 2007; Kao and Yu 2009). The EP El Niño 
is the classical El Niño with the maximum warming in the 
eastern equatorial Pacific and has been subject to extensive 
studies (e.g., Bjerknes 1969; Rasmusson and Carpenter 
1982; Neelin et al. 1998). The CP El Niño is featured with 
the maximum warming in the central equatorial Pacific and 
is also referred to as dateline El Niño (Larkin and Harrison 
2005), or El Niño Modoki (Ashok et al. 2007), or warm-
pool El Niño (Kug et al. 2009). The EP type is close to the 
canonical ENSO event depicted by Rasmusson and Carpen-
ter (1982), while the CP type shows new characteristics in 
terms of its spatial structure (Kao and Yu 2009; Kug et al. 
2009; Wang and Wang 2013), underlying dynamic mecha-
nisms (Vimont et al. 2001, 2003, 2009; Yu et al. 2010, 
2015), and temporal evolution (e.g., Schneider et al. 1995; 
Ashok et al. 2007; Lee and McPhaden 2010). Moreover, the 
amplitude of the maximum warming center is larger for the 
EP El Niño than for the CP El Niño (Sun and Yu 2009).
With the differences in SST anomalies, the signals of 
the two types of El Niño in the atmosphere are different 
Abstract This paper examines the roles of radiative and 
non-radiative air–sea coupled thermodynamic processes in 
modifying sea surface temperature (SST) anomalies driven 
by (air–sea coupled) oceanic dynamic processes, focus-
ing on their contributions to the key differences between 
the eastern Pacific (EP) El Niño and the central Pacific 
(CP) El Niño. The attribution is achieved by decompos-
ing SST anomalies into partial temperature anomalies due 
to individual processes using a coupled atmosphere-sur-
face climate feedback-response analysis method. Oceanic 
processes induce warming from the central to the eastern 
equatorial Pacific and cooling over the western basin with 
a maximum warming center in the central Pacific for both 
types of El Niño. The processes that act to oppose the oce-
anic process-induced SST anomalies are surface latent heat 
flux, sensible heat flux, cloud, and atmospheric dynamic 
feedbacks, referred to as negative-feedback processes. The 
cooling due to each of the four negative-feedback processes 
is the strongest in the region where the initial warming due 
to oceanic processes is the largest. Water–vapor feedback 
is the sole process that acts to enhance the initial warming 
induced by oceanic processes. The increase in atmospheric 
water vapor over the eastern Pacific is much stronger for the 
EP El Niño than for the CP El Niño. It is the strong water–
vapor feedback over the eastern Pacific and the strong neg-
ative feedbacks over the central equatorial Pacific that help 
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over the tropical Pacific. Pronounced westerly anomalies 
associated with the EP El Niño are found over the entire 
span of the tropical Pacific basin; but for the CP El Niño, 
the westerly anomalies exist mainly from the western to 
the central tropical Pacific, with a more westward location 
of the rising branch of the anomalous Walker Circulation 
(Ashok et al. 2007; Yuan and Yang 2012; Yuan et al. 2012). 
For the EP El Niño, increase in atmospheric water vapor 
and strong upward motion anomalies are found mainly over 
the central and eastern Pacific (Xie et al. 2012; Takahashi 
et al. 2013). However, maximum water–vapor increase 
and enhanced convective activity are located in the central 
Pacific for the CP El Niño (Xie et al. 2012; Takahashi et al. 
2013). The centers of positive cloud anomalies are located 
in the central Pacific for both types of El Niño, but the EP 
type has a broader zonal scale (Zheng et al. 2014). The 
changes in surface wind and precipitation per changes in 
SST are greater for the CP El Niño than for the EP El Niño 
(Chung and Li 2013). Ozone concentration exhibits a more 
pronounced reduction in the stratosphere over the eastern 
tropical Pacific for the CP El Niño, compared to the EP 
type (Xie et al. 2014).
Previous studies have found that leading processes 
responsible for the ENSO include Bjerknes feedback 
(1969), the delay-oscillator mechanism (Suarez and Schopf 
1988), the thermocline feedback associated with recharge-
discharge processes (Jin 1997a, b), zonal advective feed-
back (Picaut et al. 1997), wind-evaporation-SST feedback. 
However, the relative importance of individual dynamic 
processes for the EP and CP type events is different. The 
development of EP El Niño exhibits a strong discharge of 
equatorial heat content and thermocline feedback in the for-
mation of the pattern of SST anomalies (e.g., Jin and An 
1999; Kug et al. 2009, 2010; Capotondi 2013, Capotondi 
et al. 2015; Lübbecke and McPhaden 2014). For the CP 
type, the zonal advection feedback is important (e.g., Kao 
and Yu 2009; Kug et al. 2009, 2010; Yu et al. 2010). The dif-
ference in the relative importance of (air–sea coupled) oce-
anic dynamic processes also explains the amplitude differ-
ence between the two types of El Niño (Zheng et al. 2014).
Besides the oceanic dynamic processes, air–sea coupled 
thermodynamic processes also play important roles in pro-
ducing the spatial pattern and amplitude of SST anomalies 
associated with El Niño. air–sea heat fluxes, especially 
latent heat flux, have been found to have more important 
impacts on the SST anomalies over the central Pacific, 
compared to the SST anomalies over the eastern Pacific 
(e.g., Kao and Yu 2009; Kug et al. 2010). Cloud shortwave 
and latent heat feedbacks usually represent a local damping 
of SST anomalies (Lloyd et al. 2011, 2012). Water–vapor 
feedback acts to enhance SST anomalies (e.g., Chandra 
et al. 1998, 2007; Dessler and Wong 2009). The difference 
in radiative flux anomalies due to different cloud responses 
is also a key factor for the differences between the two 
types of El Niño. Attributions of other differences such as 
air temperature, water vapor and surface heat fluxes to the 
SST differences between the two types of El Niño have not 
been systematically studied.
Despite many studies that have been conducted to con-
trast oceanic dynamic processes between EP El Niño and 
CP El Niño based on heat budget using the SST equation 
(Kug et al. 2009, 2010), few studies have attempted to pro-
vide a quantitative comparison of air–sea coupled thermo-
dynamic processes. The main objective of this study is to 
understand how the radiative and non-radiative thermody-
namic feedbacks at the air–sea interface modify the SST 
anomalies driven by oceanic dynamic processes in contrib-
uting to the differences between the two types of El Niño 
over the equatorial Pacific basin. An off-line diagnostic 
approach named the Climate Feedback-Response Analy-
sis Method (CFRAM; Cai and Lu 2009; Lu and Cai 2009) 
is applied to isolate partial SST changes due to individual 
radiative (e.g., changes in clouds, water vapor and air tem-
perature) and non-radiative (surface sensible and latent heat 
fluxes) feedback processes. The CFRAM has been applied 
to quantify the contribution of dynamic process to polar 
warming amplification (Lu and Cai 2010), climate feed-
back attributions to seasonality of surface warming (Sejas 
et al. 2014), climate response to external forcing such as 
increases in carbon dioxide concentration and solar radia-
tion (Cai and Tung 2012), radiative and dynamic forc-
ing of temperature anomalies related to ENSO (Park et al. 
2012; Deng et al. 2013), the northern annular mode (Deng 
et al. 2013), and model bias attributions (Park et al. 2013; 
Yang et al. 2014). As shown in Sect. 2, by the design of 
the method, our study does not attempt to further isolate 
individual oceanic dynamic processes, which can be done 
by decomposing the oceanic dynamic terms into local SST 
tendency, advective and upwelling terms in the SST equa-
tion (e.g., Kang et al. 2001; Kug et al. 2009, 2010).
The remaining of this paper is organized as follows. 
Section 2 presents the details of the data and formulation of 
CFRAM adopted in this study. Section 3 describes the dif-
ferences in temperature and its associated atmospheric vari-
ables between the two types of El Niño. Section 4 focuses 
on the source of different surface temperature responses 
to the two types of El Niño over the central and eastern 
Pacific. Section 5 discusses the similarities and differences 
in various feedbacks during CP El Niño and EP El Niño. 
Conclusions are presented in Sect. 6.
2  Data and CFRAM formulation
Variables used in a complete feedback attribution analy-
sis include skin temperature, air temperature, specific 
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humidity, surface specific humidity, cloud amount, cloud 
liquid/ice water content, ozone mixing ratio, surface 
albedo, surface latent/sensible heat fluxes, and solar inso-
lation at the top of the atmosphere. All input variables 
are obtained from the EAR-Interim (Uppala et al. 2008; 
Dee et al. 2011), which is the latest European Centre for 
Medium-range Weather Forecasts (ECMWF) global atmos-
pheric reanalysis from 1979 to present. The ERA-Interim 
has 37 unevenly-divided pressure levels from 1000 to 1 hPa 
and a horizontal resolution of 1.5° × 1.5°. We focus on the 
boreal winters from 1979 to 2012 because the CP El Niño 
was rarely observed before the 1980s (Kao and Yu 2009; 
Yeh et al. 2009).
Following Yu et al. (2012), we define CP El Niño and 
EP El Niño events based on the consensus of the EP/
CP index (Yu et al. 2012), the El Niño Modoki index 
(Ashok et al. 2007) and the Niño3/Niño4 index (Yeh 
et al. 2009). These definitions lead to a total off our win-
ters (1982/1983, 1986/1987, 1997/1998, and 2006/2007) 
as major EP El Niño events and four winters (1994/1995, 
2002/2003, 2004/2005, and 2009/2010) as major CP El 
Niño events in the period of 1979–2012 for construct-
ing composite EP and CP events, respectively. In addi-
tion, we have identified a total of eight ENSO-neutral 
winters (1980/1981, 1981/1982, 1985/1986, 1989/1990, 
1992/1993, 1993/1994, 2001/2002, and 2003/2004) for 
constructing composite neutral event. The fields derived 
from the differences between the composite EP and neu-
tral events are referred to as the (composite) EP anomaly 
fields, whereas those from the differences between the 
composite CP and neutral events as the (composite) CP 
anomaly fields.
We use the CFRAM to account for the contributions to 
composite temperature anomalies of the two types of El 
Niño from individual feedback processes. Following Deng 
et al. (2012), we consider the difference in the energy bal-
ance equation between the two states,
where Δ denotes the differences between CP El Niño and 
ENSO-neutral events or between EP El Niño and ENSO-
neutral events. Specifically, �∂
E
∂t
 is the difference in energy 
storage between the two states; S (�R) is the difference in 
vertical profiles of convergence (divergence) of shortwave 
(longwave) radiation flux within individual layers; and 
 Q represents the difference in vertical profiles of energy 
flux convergence due to non-radiative dynamic processes. 
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where the terms with superscripts “w”, “c”, “α” and “O3” 
correspond to, respectively, the partial radiative heating rate 
differences due to the differences in water vapor, clouds, 
albedo, and ozone between the two states. The last term in 





 and T, is the partial radiative 
cooling rate difference due to the difference in temperature 
between the two climate states in each atmospheric layer 






called the Planck feedback matrix whose jth column rep-
resents the vertical profile of changes in longwaver adiative 
energy flux due to 1 K warming in the jth layer alone. Sub-
stituting (2) into (1) yields
Applying the linear decomposition principle, we can cal-
culate the following partial temperature changes separately,






 and the partial radiative heating/cooling rate 
differences have already been obtained.
We further separate the term (� �Q−�∂
�E
∂t
) into surface 
and atmospheric components. The surface component 
includes the perturbations of surface sensible heat (QSH ) 
and latent heat (QLH) fluxes over both land and oceans, 
which can be obtained directly from the composite El Niño 
(EP or CP) anomaly fields, and non-radiative heating per-
turbations due to oceanic energy transport convergence and 





 at the surface, which are not 
available from the ERA-interim. We estimate the sum of 
oceanic dynamic and heat storage term as the residual of 
the surface energy balance equation, which is referred to as 










































































































































































(5)�Qocean = −(�S −�R)surf −�Q
LH −�QSH
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Similarly, we can estimate the sum of total non-radia-
tive heating perturbations and the heat storage term in the 
atmospheric column as the residual of the atmospheric por-











that its surface component is set to zero. Note that  Q
atmos
 
includes all forms of heating perturbations in the atmos-
phere such as atmospheric (vertical and horizontal) motions 
and the energy that goes into the atmosphere due to surface 
sensible and latent heat fluxes, as well as the atmospheric 
energy storage term. Because the energy storage term is 
very small after applying a long-term average (i.e., average 
of 4 × 3 months in this study), we simply refer to  Qatmos 
as the atmospheric dynamics term.
Based on the discussion above, the term �T
(non-radiative) 
on the left hand side of the last equation in (4) can be 






, and  Q
ocean
 are zero in all 
atmospheric layers and equal to, respectively, 
(�S−�R)surf −�Q
LH −�QSH at the surface. Solving 
(4) and (7) grid by grid enables us to obtain these partial 
temperature perturbations as a function of longitude, lati-
tude and pressure. In the remaining of the paper, we focus 
on the surface components of these 3D partial temperature 
perturbation fields over the tropical Pacific (30°N–30°S), 
and refer to them as partial SST anomalies (denoted as 
T ). Because the change in surface albedo over the tropics 
is negligible and the effect of perturbation in ozone con-
centration on temperature perturbation is of importance 
mainly in the stratosphere, we will only present the results 
of partial SST anomalies due to other six processes in the 
remaining of this paper.
We wish to add that the analysis of partial SST anom-
alies based on (4) and (7) is complementary to the heat 
budget analysis based on the SST equation (e.g., Hirst 
1986; Wakata and Sarachik 1991; Kang et al. 2001; Kug 
et al. 2009). The term �T(ocean) corresponds to the sum of 
the SST anomaly due to the ocean heat storage term and 
the convergence of energy transport by oceanic motions 



































































In reference to the conventional heat budget analysis based 
on the SST equation (e.g., Hirst 1986; Nagai et al. 1992; 
Kang et al. 2001), the heat storage term corresponds to the 
local SST tendency, and the convergence term corresponds 
to the sum of SST tendencies due to horizontal advective 
processes and upwelling/downwelling. By the design of our 
method, we cannot further decompose the oceanic dynamic 
term into local SST tendency, advective and upwelling 
terms in the SST equation.
Physically, the residual term in the SST equation cor-
responds to the SST anomalies due to air–sea coupled 
thermodynamic processes, including all other non-oceanic 
terms derived from (4) and (7). In this study, our focus is 
on the decomposition of contributions from these indi-
vidual air–sea coupled thermodynamic processes to SST 
anomalies associated with the two types of El Niño, instead 
of the decomposition of the SST anomalies due to oceanic 
dynamic processes. As indicated in (4) and (7), the resid-
ual term in the SST equation is decomposed into partial 
SST anomalies due to surface latent heat flux anomalies 
(�T(LH) ), surface sensible heat flux anomalies (�T(SH) ), 
radiative flux anomalies associated with water–vapor feed-
back (�T(w)), radiative flux anomalies associated with 
cloud feedback (�T(c)), and thermal radiative flux anoma-
lies associated with atmospheric dynamics-induced air tem-
perature anomalies (�T(atmos)). This allows us to examine 
how the radiative and non-radiative thermodynamic feed-
backs at the air–sea interface modify the SST anomalies 
driven by oceanic dynamic processes in contributing to the 
differences between the two types of ENSO over the equa-
torial Pacific basin.
3  Observed anomalies of CP El Niño and EP El 
Niño
Figure 1a, b show the observed December–January–Feb-
ruary (DJF) mean SST anomalies of EP El Niño and CP 
El Niño, respectively. During the peak of EP El Niño, the 
center of positive SST anomalies extends from the coast 
of South America to the eastern equatorial Pacific; during 
the peak of CP El Niño, the center is located in the cen-
tral Pacific with a relatively smaller magnitude. Overall, the 
spatial patterns of SST anomalies of both EP El Niño and 
CP El Niño are consistent with those shown in Larkin and 
Harrison (2005).
The column-integrated water–vapor anomalies of EP 
El Niño and CP El Niño (Fig. 2a, b) are positive over the 
equatorial central and eastern Pacific, more or less consist-
ent with the SST anomalies. The column-integrated cloud-
content distributions (i.e., the sum of cloud liquid water 
and cloud ice water) of the two types of El Niño (Fig. 2c, 
d), however, exhibit latitudinal spatial pattern that are 
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Fig. 1  DJF mean anomalies: observed SST anomalies (a, b) and sum 
of partial SST anomalies for EP (left panels) and CP (right panels) El 
Niño winters derived through the CFRAM at the surface (c, d). Stip-
pling in a and b indicates the 90 % confidence level of statistical sig-
nificance. Units: K
Fig. 2  DJF mean anomalies for column integral specific humidity 
(kg/kg) for EP El Niño (a) and CP El Niño (b). c, d are the same as 
(a) and (b), except for cloud water. Shown also are the composite pat-
terns of vertical velocity anomalies at 500 hPa for EP El Niño (e) and 
CP El Niño (f)
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distinctly different from the corresponding SST anoma-
lies. Specifically, the equatorial maximum center of cloud 
content in each case is located over the west of the maxi-
mum positive SST anomaly center. To the east, the maxi-
mum cloud anomaly center is split into two off-equator 
bands with the one on the north extending eastward and the 
other on the south extending southeastward. Further west 
of the positive cloud-content anomalies, there is a center 
of reduction in clouds over the western equatorial basin. A 
similar spatial pattern is found in vertical velocity anoma-
lies (Fig. 2e, f), showing rising motion anomalies coincided 
with an increasing in clouds and descending anomalies 
over the region of reduced clouds. Descending anomalies 
and decrease in clouds on the west, together with ascending 
anomalies and increase in clouds on the east, are indicative 
of a weakened Walker Circulation (Lau and Yang 2002) 
on the west of the maximum SST anomalies. The two 
off-equator bands of ascending anomalies and increase in 
clouds suggest a strengthening Inter-Tropical Convergence 
Zone (ITCZ) on the east of the maximum SST anomalies. 
The main difference between the two types of El Niño 
is that, for the EP El Niño, positive cloud and ascending 
anomalies have a wider meridional extent over the equa-
torial central Pacific, whereas, for the CP El Niño, the 
strengthening of the southern ITCZ appears stronger. The 
correspondence of the changes in cloud and vertical motion 
is consistent with the characteristics of precipitation for the 
two types of El Niño reported by Zheng et al. (2014).
4  Attributions of SST anomalies over the tropical 
Pacific
In this section, we focus on the contributions of individual 
feedback processes to the SST anomaly patterns of the two 
types of El Niño shown in Fig. 1a, b. To verify the decom-
position of total SST anomalies by the CFRAM, we also 
show the sum of these partial SST anomalies (Fig. 1c, d). 
We can see that the partial SST anomalies do add up to the 
total SST anomalies reasonably well, which gives us confi-
dence to carry out attribution analysis.
As expected, oceanic processes lead to positive SST 
anomalies over the central and eastern equatorial Pacific for 
both types of El Niño (Fig. 3a, b). Because oceanic pro-
cesses are regarded as the root causes for the occurrence, 
development and maintenance of El Niño, we also refer to 
�T(ocean) as the initial warming in the following discussion. 
Accompanied by the positive SST anomalies, oceanic pro-
cesses are also responsible for the cold SST anomalies over 
the western equatorial basin. Such cold-west and warm-
east SST anomaly pattern is consistent with the divergence 
of oceanic heat transport over the western equatorial Pacific 
and the convergence over the central and eastern equatorial 
Pacific. For the CP El Niño, the maximum warming center 
of �T(ocean) seems to be co-located with the maximum 
center of the total SST anomalies, suggesting that the loca-
tion of the maximum positive SST anomalies of CP El Niño 
can be largely explained by oceanic processes. The max-
imum warming center of �T(ocean) for the EP El Niño is 
also located over the central equatorial Pacific, slightly east 
of that for the CP type. This eastward shift during the EP El 
Niño is associated with the stronger thermocline feedback 
(Kug et al. 2009, 2010), which tends to be more effective 
in the eastern Pacific (Jin and An 1999). However, the loca-
tion of maximum positive center of total SST anomalies of 
EP El Niño, which is over the eastern equatorial Pacific, 
cannot be explained by oceanic processes alone. It is of 
importance to note that the amplitudes of �T(ocean) of both 
types of El Niño are greater than those of the actual SST 
anomalies by a factor of 5–10. Other processes must act to 
suppress the oceanic process-induced SST anomalies sub-
stantially. Comparison of Fig. 3a with Fig. 1a suggests that, 
for the EP El Niño, other processes not only act to suppress 
the oceanic process-induced SST anomalies but also collec-
tively play a role in determining the location of the maxi-
mum SST anomalies. For the CP El Niño, the other pro-
cesses mainly act to suppress the oceanic process-induced 
SST anomalies.
Figure 3c–j illustrate that all other processes, except the 
water–vapor feedback, act collectively to suppress the SST 
anomalies induced by oceanic processes. Of the two surface 
processes, the surface latent heat flux feedback (Fig. 3c, d) 
is the main contributor to the reduction of the positive SST 
anomalies over the central and eastern equatorial Pacific via 
strengthening surface evaporation or an increase in upward 
latent heat flux (not shown). Over the western basin, the 
surface latent heat flux feedback also acts to reduce the 
cold anomalies of �T(ocean) by reducing surface evapora-
tion. Although not shown here, we confirm that there is an 
increase (a decrease) in the surface sensible heat flux over 
the regions where initial warming is positive (negative). 
Therefore, the surface sensible flux feedback plays a similar 
role, namely, reducing the initial warming over the central 
and eastern equatorial Pacific and reducing the initial cool-
ing over the western equatorial Pacific. The reduction of ini-
tial warming by the surface sensible heat flux feedback is 
smaller than that by the evaporation feedback.
In terms of atmospheric processes, the cloud feedback 
(Fig. 3g, h) is the leading factor that suppresses the initial 
warming induced by oceanic processes. The increase in 
Fig. 3  CFRAM-derived partial SST anomalies for the EP El Niño 
in the boreal winter due to oceanic process (a), latent heat flux (c), 
sensible heat flux (e), cloud (g), atmospheric dynamic (i), and water 
vapor (k) feedback processes at the surface. b, d, f, h, j, l are the 
same as a, c, e, g, i and k, except for the CP El Niño. Unit: K
▸
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cloudiness over the central and eastern equatorial Pacific 
causes negative partial SST anomalies via reducing down-
ward shortwave flux at the surface, whereas the reduction 
of cloudiness over the west basin results in positive SST 
anomalies. The spatial pattern of partial SST anomalies due 
to the cloud feedback closely resembles the spatial pattern 
due to vertical motion anomalies (Fig. 2e, f). The atmos-
pheric dynamical feedback (Fig. 3i, j) further suppresses 
the SST anomalies induced by oceanic processes via a 
reduction of the eastward energy transport associated with 
a weakened Walker Circulation in El Niño winter. It is of 
importance to note that the suppression of oceanic process-
induced SST anomalies by these four feedback processes is 
strongest in the region west of the central equatorial Pacific 
for both types of El Niño. The reduction of initial warm-
ing over the eastern basin by these processes is also similar 
between the two types of El Niño. Therefore, the maximum 
SST warming center over the eastern equatorial Pacific dur-
ing the EP El Niño cannot be explained by the relatively 
weaker suppression of �T(ocean) from these four processes.
The water–vapor feedback (Fig. 3k, l) is the only process 
that acts mainly to reinforce the oceanic process-induced 
SST anomalies for both types of El Niño with the strongest 
water–vapor-induced warm SST anomalies over the central 
equatorial basin. The spatial pattern of �T(w) follows the 
perturbations in column-integrated water vapor closely. For 
the CP El Niño, the warm SST anomalies due to the water–
vapor feedback mainly concentrate in the central equatorial 
Pacific with a weaker intensity. In contrast, the warm SST 
anomalies due to the water–vapor feedback have a much 
broader pattern extending from the western equatorial basin 
to the eastern basin. Thus, the difference in �T(w) over the 
eastern equatorial basin between the two types El Niño is 
the key factor responsible for the maximum warm center of 
EP El Niño over the eastern equatorial basin.
5  Zonal variation of SST anomalies in the 
equatorial Pacific
To gain a better understanding of the contributions to the 
difference in the longitudinal distributions of SST anoma-
lies between the two types of El Niño from individual 
feedback processes, we plot the longitude profiles of total 
(Fig. 4a) and partial (Fig. 4b–h) SST anomalies averaged 
over the equatorial band of 5°N–5°S.Themaximum peak of 
partial SST anomalies induced by oceanic processes alone 
for the EP type is located about 25° east of that for the CP 
type, although both centers are over the central equatorial 
Pacific (Fig. 4b). In addition, the peak of �T(ocean) of the 
CP type is narrower than that of the EP type. The combina-
tion of these characteristics of the longitudinal distributions 
of �T(ocean) implies that the warming of �T(ocean) on the 
east of the maximum �T(ocean) is stronger for the EP type 
than for the CP type. However, the stronger warming of 
�T(ocean) for the EP type gradually diminishes towards the 
east, resulting in little difference in �T(ocean) between the 
two types of El Niño in the easternmost part of the equa-
torial Pacific. Therefore, oceanic processes alone cannot 
explain (1) why the maximum warming of the EP type is 
over the eastern basin and (2) why the warming over the 
eastern basin is stronger in the EP type than in the CP type.
We now examine whether the negative feedback pro-
cesses that suppress the initial warming of �T(ocean) would 
help to answer the above two questions. One can see that 
the profiles of �T(SH), �T(cloud), and �T(atmos) (Fig. 4f–h) 
are nearly parallel to those of �T(ocean), which means that 
the partial SST anomalies due to surface sensible heat flux, 
cloud and atmospheric dynamic feedbacks all act to sup-
press the initial warming substantially, but do not change 
the shape of its longitudinal distribution greatly for both 
types of El Niño. Therefore, these three processes could not 
explain the different locations of warm center between the 
two types of El Niño. Like these three negative feedbacks, 
the surface latent heat flux feedback (Fig. 4e) also acts to 
suppress the positive �T(ocean). For the EP type, negative 
�T(LH) is stronger over the eastern equatorial Pacific than 
over the central equatorial Pacific, whereas for the CP type 
�T(LH) is stronger over the central equatorial Pacific than 
over the eastern equatorial Pacific (as in the other three 
negative feedbacks). Therefore, the surface latent heat flux 
feedback acts to reduce the positive �T(ocean) over the east-
ern equatorial Pacific in the EP type more effectively than 
in the CP type. In other words, the effect of �T(LH) would 
makes the final SST anomalies of the EP type more concen-
trated in the central Pacific, and thereby does not contribute 
to the peak warming in the eastern equatorial Pacific.
The collective effect of these four negative feedback 
processes is shown in Fig. 4c. We can see that the sum 
is nearly parallel to �T(ocean), with comparable ampli-
tudes, implying that most of the initial warming induced 
by oceanic processes is nearly suppressed by these nega-
tive feedback processes, with the largest suppression 
over the maximum center of �T(ocean) for both types of 
El Niño. Therefore, the negative feedback processes act 
to shift the maximum warming towards the eastern basin 
where the strength of negative feedbacks is the small-
est in both types of El Niño. In this sense, the negative 
feedbacks contribute to the maximum warming of the EP 
type over the eastern basin constructively, but do not favor 
the maximum warming of the CP type over the central 
Pacific. Most importantly, the difference in the collective 
effect of these negative feedbacks between the two types 
of El Niño seems to imply a stronger warming over the 
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eastern basin in the CP type rather than in the EP type, 
because the total negative feedback over the eastern basin 
is stronger in the EP type.
We now discuss the water–vapor feedback (Fig. 4d), 
the sole positive feedback that acts to enhance the initial 
warming. Because of the stronger positive �T(ocean) over 
the eastern equatorial Pacific in the EP El Niño than in the 
CP El Niño (Fig. 1a vs. Figure 1b), the increase in atmos-
pheric water vapor is stronger over the eastern equatorial 
Pacific in the EP case (Fig. 2a vs. b). This feature implies 
that the �T(wv) over the eastern basin is stronger in the EP 
type than in the CP type. Comparison of Fig. 4a–c clearly 
indicates that the water–vapor feedback is the sole factor 
that explains the feature (2) mentioned above, namely, the 
warming over the eastern basin is stronger in the EP type 
than in the CP type. Combination of the stronger negative 
feedback over the central equatorial Pacific and the posi-
tive water–vapor feedback also helps to explain the shift of 
the maximum center of the initial warming due to oceanic 
processes towards the eastern basin in the final warming of 
the EP case. In the CP case, however, the relatively weaker 
positive water–vapor feedback over the eastern basin (both 
in reference to the EP case over the eastern basin and in 
reference to the central Pacific) helps to maintain the maxi-
mum center in the final warming in the same region as the 
initial warming.
Fig. 4  Composite patterns of total surface temperature anomalies and CFRAM-derived partial surface temperature anomalies (specified in the 
y-coordinate) meridionally-averaged over 5°N–5°S for the EP (solid lines) and CP (dash lines) El Niño winters. Units: K
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6  Conclusions
Using the ERA-Interim data from 1979 to 2012, we 
selected four EP El Niño events, four CP El Niño events 
and eight neutral cases. We then used the DJF-mean dif-
ferences between the four EP events and the eight neutral 
cases, and between the four CP events and the eight neutral 
cases, as the composite anomalies for the mature phases 
of EP El Niño and CP El Niño. We confirmed the follow-
ing two key features in the differences of SST anomalies 
between the two types of El Niño reported by Larkin and 
Harrison (2005): (1) the maximum warming center lies 
over the eastern basin for the EP El Niño but over the cen-
tral Pacific for the CP El Niño. (2) The warming is weaker 
for the CP El Niño than for the EP El Niño over most of the 
equatorial Pacific except for the central Pacific where the 
CP type warming is stronger.
The goal of this paper is to examine how the radia-
tive and non-radiative thermodynamic feedbacks modify 
the SST anomalies induced by (air–sea coupled) oceanic 
dynamic processes in terms of contributing to the two key 
differences between the two types of El Niño. The radiative 
thermodynamic feedbacks include radiative flux anomalies 
associated with changes in water vapor, cloud and atmos-
pheric dynamics-induced air temperature, whereas the non-
radiative feedbacks include surface latent and sensible heat 
flux anomalies. Our attribution is complementary to the 
heat budget analysis based on the SST equation (e.g., Kang 
et al. 2001; Kug et al. 2009) where focus is placed mainly 
on the contributions from horizontal advective processes 
and upwelling/downwelling motions. Specifically, the term 
�T(ocean) corresponds to the sum of the SST anomalies 
due to the ocean heat storage term and the convergence of 
energy transport by oceanic motions, which corresponds 
to the sum of all the terms in the SST equation except for 
the so-called residual term. Physically, the residual term in 
the SST equation corresponds to the SST anomalies due to 
air–sea coupled thermodynamic processes. In this study, 
our focus is on the decomposition of the contributions from 
these individual air–sea coupled thermodynamic processes 
to the SST anomalies associated with the two types of El 
Niño, instead of the decomposition of the SST anomalies 
due to the oceanic dynamic processes.
We calculated the partial SST anomalies due to oceanic 
processes alone and found that the oceanic process-induced 
SST anomalies are indeed responsible for the warm-
ing over the central and eastern equatorial Pacific and the 
cooling over the western basin for both types of El Niño. 
The longitudinal distribution (along the equatorial Pacific) 
of the oceanic process-induced partial SST anomalies is 
quite similar to that of the total SST anomalies in the CP 
case. However, the maximum warming due to oceanic pro-
cesses in the EP case is also in the central Pacific, which is 
distinctly different from the location of the total SST anom-
alies. Therefore, it has to be the combination of stronger 
positive feedbacks over the eastern equatorial Pacific and 
stronger negative feedbacks over the central equatorial 
Pacific in the EP case than in the CP case that can explain 
the two key features in the differences between the two 
types of El Niño.
Except for the water–vapor feedback, all other four feed-
back processes (surface latent heat flux, surface sensible 
heat flux, cloud, and atmospheric dynamic feedbacks) act 
to oppose the initial warming due to oceanic processes. 
Overall, there is no drastic difference in the anomaly fields 
of these four feedback processes between the two types 
of El Niño, except that the maximum center is displayed 
slightly eastward in the EP case. In both types of El Niño, 
surface latent heat flux increases over the region from the 
central Pacific to the eastern Pacific along the equator and 
so does surface sensible heat flux. As a result, these two 
processes act to weaken the initial warming due to oce-
anic processes substantially, with the maximum warming 
reduction over the central Pacific in both cases. There are 
upward vertical motion anomalies over the central Pacific 
where the maximum warming center appears due to oce-
anic processes and downward vertical motions over the 
western basin where the oceanic processes cause cold SST 
anomalies. This feature is indicative of a weakening of the 
Walker Circulation, responsible for the reduction of the ini-
tial warming in the central Pacific and for the initial cool-
ing in the western basin via atmospheric dynamic feedback 
processes. Coinciding with the upward (downward) vertical 
motion anomalies, positive (negative) cloud anomalies lead 
to further reduction of the initial warming (cooling) via a 
decrease (an increase) in solar energy input at the sea sur-
face over the central (western) Pacific. The general similar-
ity in these four negative feedback processes between the 
two types of El Niño implies that the negative feedback 
processes cannot explain the contrast of the SST anomalies, 
although they do act to suppress the initial warming due to 
oceanic processes by contributing to the warming in the 
atmosphere.
The water–vapor feedback is the only process that acts 
to enhance the initial warming. The larger increase in 
atmospheric water vapor leads to a stronger water–vapor 
feedback over the eastern basin in the EP El Niño than in 
the CP El Niño. Therefore, the water–vapor feedback is 
the sole factor that can explain why the warming over the 
eastern basin is stronger in the EP El Niño. This factor and 
the stronger negative feedbacks over the central equatorial 
Pacific explain why the maximum warming for the EP case 
is over the eastern basin.
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